An investigation was carried out to study the effect of MnO on crystallization, melting, and heat transfer of lime-alumina-based mold flux used for high Al-TRIP steel casting, through applying the infrared emitter technique (IET) and the double hot thermocouple technique (DHTT). The results of IET tests showed that MnO could improve the general heat transfer rate through promoting the melting and inhibiting the crystallization of mold flux; meanwhile the radiative heat flux was being attenuated. DHTT experiments indicated that the crystallization fraction, melting temperature of mold flux decreased with the addition of MnO. The results of this study can further elucidate the properties of the CaO-Al 2 O 3 slag system and reinforce the basis for the application of lime-alumina system mold fluxes for casting high Al steels.
I. INTRODUCTION
IN past decades, high aluminum containing steels have been produced through continuous casting. It is well known that the high Al concentration in the steels inclines to react with SiO 2 and other less stable oxides (MnO, FeO x , etc.) in the conventional lime-silica bases mold fluxes during casting, [1] [2] [3] [4] which causes the poor inmold performance of mold fluxes, such as sticking of the mold flux to copper mold, increase of crack frequency due to lubrication issue, etc. Considerable efforts have been carried out to solve these problems by optimizing the ratio of CaO/SiO 2 [5, 6] or Al 2 O 3 /SiO 2 [4, 7] or the amount of fluidizers [8, 9] for the lime-silica-based flux, but it is difficult to find an optimal composition for high Al grade steel due to the slag/steel interface reactions.
Recently, a series of lime-alumina-based mold fluxes for high Al grade steels has been developed. Unlike the compositions of conventional lime-silica-based mold fluxes, SiO 2 was partly replaced by Al 2 O 3 in the newly developed mold fluxes for inhibiting the slag/steel interaction. Several casting trials [10] have been carried out for high Al grade steels using the lime-aluminabased mold fluxes; the results of these tests show that the slag/steel interaction was obviously inhibited and the ascast slab surface quality improved markedly, but the slag film were prone to crystallize easily during casting, which made the mold lubrication deteriorate rapidly.
To improve the in-mold performance of lime-alumina-based mold fluxes, intensive studies regarding the effects of fluxing agents (CaF 2 , Na 2 O, Li 2 O, B 2 O 3 , etc.) on properties and performance of those mold fluxes have being studied. Yu [11] studied the physical properties of lime-alumina-based mold fluxes with different CaF 2 content; the results show that CaF 2 could decrease the viscosity and melting temperature and promote the crystallization behavior of the mold flux. Wang et al. [12] found that Na 2 O could enhance the heat transfer of nonreactive mold fluxes through restraining the crystallization. The results of cast trials conducted by Cho et al. [10] suggested that Li 2 O and B 2 O 3 greatly retard the crystallization of lime-alumina-based mold fluxes. Similar results were also obtained by Blazek et al. [1] ; in addition, his research suggested that B picked up in steel as B 2 O 3 in mold flux reduced by [Al] . However, the consumption and poor lubrication problems have not been solved effectively by adding the fluxing agents as mentioned earlier.
As an important fluxing agent in conventional limesilica-based mold flux, MnO is usually used for adjusting the radiative heat flux between shell and mold, [13] reducing melting temperature and viscosity of mold fluxes. [14] However, the studies regarding the effect of transition metal oxides (MnO, FeO x , etc.) on the properties and performance of lime-alumina-based mold fluxes remain insufficient. In this article, the infrared emitter technique (IET) and double hot thermocouple technology (DHTT) were applied to study the effects of MnO on the heat transfer, melting, and crystallization behavior of limealumina-based mold flux for casting high-Al TRIP steel. In addition, the scanning electron microscope (SEM) was employed to study the distribution of different phases in samples after DHTT experiments. X-ray diffraction (XRD) was used to identify the crystal phase in this study.
II. EXPERIMENTAL APPARATUS AND METHOD

A. Heat Transfer Simulator and Experimental Procedures
A schematic of the infrared emitter is shown in Figure 1 , the details of which have been described elsewhere. [15] The experimental apparatus mainly included a power controller, an infrared radiant heater capable of emitting 2.0 MW/m 2 of heat flux at the rate of 380 voltages, a data acquisition system, and a command-andcontrol unit. The intensity of the incident energy could be controlled precisely by changing the voltage applied to the heating elements through a silicon-controlledrectifier (SCR) based power controller. The wave length of IET was in the range of 0.7-8 micron with a peak of 1.2 micron, which was similar to that from the solidifying shell during the continuous casting process as other research indicated. [16] The copper mold was simulated by a one-end watercooled copper cylinder, which acted as the radiation target, and four thermocouples were placed at 2, 5, 10, and 18 mm below the irradiated surface to measure the temperature, as shown in Figure 2 . The mold flux disk was first placed on the heated surface of the copper mold and then subjected to the infrared radiation according to the heating profile of Figure 3 ; finally, the applied energy would be transmitted or conducted through the disk and into the copper substrate. The real-time responding temperatures of the subsurface thermocouples were recorded for the calculation of the heat flux passing through the copper mold. Figure 4 shows the in-mold response temperatures when the above heating profile was applied to a bare copper mold system. The thermocouples placed at 2, 5, 10, and 18 mm below the irradiated surface were recorded as T 1 , T 2 , T 3 , and T 4 , respectively. The cooling water inlet and outlet temperatures were also recorded as T in and T out . As the thermal properties are functions of temperature and time, the 1-dimensional inverse heat conduction developed by Beck, [17] which is sufficient to use only one internal body temperature and one boundary condition [18] to determine the unknown boundary condition and estimate the heat flux by using measured transient interior temperatures, is adapted:
where x is the distance below the top surface (m), k is thermal conductivity (W/(m.K)), T is absolute temperature (K), q represents the mass density of copper (kg/m 3 ), t is time (s), and c p stands for the copper heat capacity (J/K). The measured heat flux histories corresponding to Figure 4 were given in Figure 5 .
B. Double Hot Thermocouple Technique and Experimental Procedures
The details of DHTT apparatus have been described in a previous paper, [19] and the schematic of experimental apparatus can be found in Reference 19. There are two operation modes of the hot thermocouple technique, double hot thermocouple technique (DHTT) and single hot thermocouple technique (SHTT). A slag sample was mounted on a B type thermocouple or between two B type thermocouples, which can be heated directly while its temperature was recorded simultaneously. Furthermore, the melting, crystallization process of mold flux was recorded by a charge-coupled device (CCD) camera that was connected to an optical microscope for in situ observation.
The DHTT was used to simulate the temperature gradient in the mold of a steel caster in this study. The sample powder was first mounted on CH-1 and was melted during the heating process and maintained at 1773 K (1500°C) for 5 minutes to eliminate bubbles and homogenize chemical composition. After that, the temperature of CH-1 still maintained at 1773 K (1500°C ) to simulate the temperature of the shell surface. Then, the mold flux was stretched to 2 mm by moving the two thermocouples to represent the width of the mold/shell gap referred to in previous research. [20] Finally, the temperature of CH-2 was rapidly decreased to 1073 K (800°C) to simulate the temperature of the solid mold flux interface, which was close to the mold wall. [21] Therefore the crystallization behaviors of mold flux under thermal gradient could be studied. After the DHTT experiment, the samples were cooled to room temperature and then taken away and prepared for scanning electron microscope (SEM) analysis.
The SHTT was adopted here for the study of melting behaviors of mold flux. About 10-mg mold power was mounted onto the tip of a B type thermocouple and heated from room temperature to 1723 K (1500°C) at a heat rate of 15 K/s. A deviation was observed from the heating curve due to the endothermic phenomena during the melting process of mold flux. The melting temperature range could be found according to the analysis of deviation combined with the recorded video, as shown in Figure 6 . 
C. Preparations of Mold Flux Disk and Powder
The major chemical components of the designed mold slags in this study were based on the CaO-Al 2 O 3 system mold fluxes for casting high Al-TRIP steel, and they were prepared by pure chemical reagents after adjusting the content of MnO. The main chemical components were listed in Table I .
The mold flux was melted at 1773 K (1500°C) in a graphite crucible placed into a silicon-molybdenum electric furnace. After holding 300 s to homogenize its chemical composition and eliminate bubbles, the mold flux was quenched from its molten state onto a stainless steel plate at room temperature. A new cylindrical tubelike copper mold with the same diameter as the copper substrate in IET tests was used to cast the mold flux before it solidified on the steel plate to make a thin mold flux disk. The mold flux disks were then polished to control its surface roughness and thickness (all the disks are 4.4 mm). The polished samples were then placed on the top of the copper mold individually for heat transfer experiments. Meanwhile, some extra mold flux was crushed and grinded to make sample powder for DHTT tests.
However, the mold flux disks for three samples were opaque as shown in Figure 7 , due to the precipitation of crystals in the disks when the mold fluxes was cooled from its molten state to room temperature. In addition, Samples 2 and 3 were dark due to the presence of MnO. The nontransparent nature of lime-alumina-based mold flux disks is consistent with the results of our previous study. 1. The in situ observation of heat transfer across mold fluxes Figure 8 shows the responding in-mold heat fluxes histories of three samples. As the original Sample 1 is a crystallized opaque disk during the making, the responding heat flux is linearly changing with the incident heating profile (Fig. 3) and there is not any phase transformation during the heating process as shown in Figure 8 
Effect of MnO on heat transfer rate of mold fluxes
To study the effect of MnO on the heat transfer rate, the measured heat fluxes of three samples were combined and given in Figure 9 . It could be observed that Sample 3 was first crystallized and then Sample 2 as shown by the deviation of heat flux in stage III. It was also found that the melting of the Sample 3 disk was initiated first and then the Sample 2 disk as shown in stage IV. In stage VI, where heat fluxes were stepped into steady state and liquid and crystalline layers of disks were stabilized under the 1.4-MW/m 2 incident heating flux, the measured steady-state heat fluxes are around 622 KW/m 2 for sample 1, 654 KW/m 2 for sample 2, and 677 KW/m 2 for sample 3, respectively. It indicates that the heat fluxes at steady state were increased with the addition of the MnO content. In addition, the thicknesses of the liquid layer and crystalline layer for each sample have been measured after experiment and listed in Table II . It can be found that with the increase of MnO content, the thickness of the crystalline layer for mold flux at steady state decreased from 4.4 to 3.3 mm, while the thickness of the liquid layer increased from 0 to 1.1 mm. Those results obtained here suggested that MnO could inhibit the crystallization and enhance the melting of CaO-Al 2 O 3 system mold flux. It was observed that the steady state heat flux increases with the addition of MnO, which may be attributed to the increase of liquid layer thickness and reduction of a solid crystalline layer. As the mold slag crystallization would dramatically block the heat transfer rate, the inhibited crystallization would tend to improve the general heat transfer rate in the mold. However, the transition metal oxide MnO is able to weaken the radiative heat-transfer rate of mold fluxes through improvement of the radiation absorption coefficient of solid mold fluxes. [22] Nevertheless, a thinner crystallization layer and thicker molten layer would result in more energy absorbed and conducted to the mold. [23] Consequently, the results of this present study indicate that the ability of MnO to promote the total heat flux of CaO-Al 2 O 3 slag system is greater than the effect of the weakening part.
B. Study of Crystallization and Melting Behavior for CaO-Al 2 O 3 System Mold Fluxes Through DHTT and SHTT
The DHTT was employed to further study the effect of MnO on the crystallization and melting behaviors for the CaO-Al 2 O 3 slag system. Figure 10 shows the experimental thermal profile of CH-1 and CH-2, and the Fig. 12-continued. the crystallization and melting behavior through the connection of a high-temperature optical microscope.
Crystallization behaviors of mold flux under simulated thermal gradient
An example of crystallization images standing for each stage for Sample 1 is displayed in Figure 11 . Figure 11(a) shows the state of mold flux at position I (300 seconds) in Figure 10 , where both thermocouples were at 1773 K (1500°C). The mold flux was liquid and transparent as the temperature was above the melting point of the mold flux. Figure 11 (b) corresponds to the position II (315 seconds), which shows the moment that the haze crystallization (opaque area) was precipitated from the liquid phase in the center-right region when the temperature of CH-2 was decreased to 1243 K (970°C). These crystals grew toward the low-temperature side (CH-2) as shown in Figure 11 (c). Figure 11 (d) corresponds to the moment that the temperature of CH-2 just reached 1073 K (800°C); at position III in Figure 10 , the glassy phase finally formed in mold flux due to the high cooling rate (30°C/s), whereas the CH-1 side was still kept as liquid. The crystals developed in the period from position III (324 seconds) to position IV (398 seconds) in Figure 10 . When it stepped to position IV, some fine crystal particles crystallized from the solid slag film and were moving toward the high-temperature side (CH-1) through the liquid/solid interface as shown in Figure 11 (e) due to the Marangoni force and nature convection. [24] Figure 11 (f) is the moment that the phase distribution of mold flux is in a relatively steady state, which corresponds to position V (440 seconds). The final distribution of three layers is constituted by a tiny liquid and glass layer and a dominant crystalline layer.
Effect of MnO on the behavior of mold flux crystallization
The samples were stripped from thermocouples for SEM analysis after DHTT experiments to further study the distribution of different layers of mold flux at final steady state. The general view of Sample 1 and the detailed views corresponding to positions I, II, and III were given in Figure 12(a) , where the lower left side corresponds to the side of CH-1 (hot side) and the top right corner corresponds to CH-2 (cool side). Four different phases appeared in the mold flux; they were glass 1 (formed from the remaining liquid when the experiment was stopped), large dendrites (crystallized from liquid as shown in Figure 11(d) ), fine crystal particles (crystallized from the solid flux film as shown in Figure 11 (e)), and glass 2 (originated from rapid cooling of CH-2). The similar distribution of the liquid, crystalline, and glassy phases has also been observed for the other two samples as shown in Figures 12(b) and (c) .
The relative thickness of the liquid, crystalline, and glassy layers was calculated from the SEM images by Photoshop software and listed in Table III . It is clear that MnO does weaken the mold flux crystallization, as the crystal fraction of Samples 1, 2, and 3 decreases from 94.2 pct to 85.9 pct and 81.8 pct. And the relative thicknesses of liquid and glassy layers were promoted by MnO as shown in Table III , which is consistent with IET results. The main reason for MnO to suppress crystallization and enhance glass forming is because Mn is easy to couple with the O 2À to form anionic groups, which will increase the degree of polymerization of aluminum-oxygen and silicon-oxygen anion groups due to the decrease of O 2À in the molten slag system. [25] Consequently, the network structure gets more complex due to the increase of polymerization. Hence, the addition of MnO is favorable for improving the glassforming ability and weakening the crystallization ability during the cooling process. The formation of Na 14 Mn 2 O 9 in the Sample 3 disk after IET test could verify this explanation, as shown in the XRD pattern in Figure 13 .
3. Effect of MnO on melting behavior of mold fluxes Figure 14 shows the melting behavior of those three samples when they were heated at a heat rate of 15 K/s. With the endothermic behavior of the melting process, there is a temperature deviation appearing during the mold flux melting. The initial and complete melting temperatures could be found through the responding images as shown in Figure 14 , and the melting temperature ranges were listed in Table IV . It could be observed that both the initial and complete melting temperatures were decreased with the increase of MnO. As Sample 3 owns the lowest initial melting temperature, it will form a thicker molten layer than the other two samples under the same magnitude of radiative heating, which is consistent with the observations of IET and DHTT tests measurements as shown in Table II  and Table III . It is indicated that MnO would tend to reduce the melting temperature of CaO-Al 2 O 3 system mold flux.
This may be because MnO is easy to form low-melting compounds with CaO, SiO 2 in the mold flux, such as CaMnSiO 6 (johannsenite) and Mn 2 SiO 4 (tephroite).
[26] Figure 13 shows the formation of CaMnSiO 6 , which could explain the reason for MnO reducing the melting temperature of mold fluxes.
IV. CONCLUSIONS
In this article, the effect of MnO on the heat transfer of CaO-Al 2 O 3 -based mold fluxes for casting high Al-TRIP steel casting was studied using IET. With the combination of DHTT, the crystallization and melting behavior of these mold fluxes were further investigated. The conclusions are summarized as follows:
The results of the IET experiments indicated that
MnO could enhance the steady state heat fluxes of CaO-Al 2 O 3 system mold fluxes. Although MnO in mold fluxes could reduce the radiative heat transfer in solid flux film, the total heat flux was getting higher with the addition of MnO, as it could reduce the thickness of the crystallization layer and increase the thickness of the molten layer that results in larger radiation through the mold flux. 2. The DHTT experiments combined with the SEM results showed that this family of mold flux formed four different phases (liquid, large dendrites, fine crystal particles, and glass) under the thermal conditions in continuous mold. And MnO could inhibit the crystallization of the lime-alumina-based mold flux. 3. The results of melting tests indicated that the melting range of lime-alumina-based mold fluxes reduced with the addition of MnO. In addition, the DHTT was successfully used to verify the results of IET in this study.
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